Theoretical and Applied Fracture Mechanics 124 (2023) 103794

Contents lists available at ScienceDirect

Theoretical and Applied Fracture Mechanics

journal homepage: www.elsevier.com/locate/tafmec

ELSEVIER

Check for

Hydrogen embrittlement of 2205 duplex stainless steel in in-situ tensile tests |

V. Arniella ’, G. Alvarez, J. Belzunce, C. Rodriguez

SIMUMECAMAT research group, University of Oviedo, E.P. Ingenieria, Campus universitario, 33203 Gijon, Spain

ARTICLE INFO ABSTRACT

Keywords:

Hydrogen embrittlement

Duplex stainless steel

In-situ hydrogen charging tensile tests
Failure micromechanisms

Extensive use of hydrogen derived from renewable energy sources is currently limited by a lack of effective
storage and transport solutions. Steels able to withstand hydrogen gas environments at high pressure are needed
for the manufacture of safe and reliable storage vessels and pipes. The mechanical behavior of 2205 duplex
stainless steel (54 % ferrite — 46 % austenite) was studied through tensile tests performed on smooth and notched
specimens, submitted at the same time to electrochemical hydrogen charging. Hydrogen uptake was controlled
by means of electrochemical charging and measured using a LECO DH603 hydrogen analyzer. The roles of
different experimental parameters such as applied current density (from 0.02 to 0.5 mA/cm?), electrolyte (1 M
H3S04 + Asp03 or 3 % NaCl solution), and applied displacement rate (from 0.002 to 0.4 mm/min) were also
evaluated. Finally, the fracture surfaces of all the tested specimens were analyzed under a scanning electron
microscope (SEM) and the prevalent failure micromechanisms were analysed.

Hydrogen embrittlement indexes in both smooth and notched specimens increase as hydrogen content in the
electrolyte, current density increase and displacement rate decreases. In all the in-situ hydrogen charged tests,
two different regions were observed in the fracture surfaces, a brittle region on the outer region of the specimen,

enriched with hydrogen in the course of the test and a ductile region in the center of the specimen.

1. Introduction

The advent of hydrogen as a new energy vector requires the con-
struction of new infrastructures that can transport and store it safely
[1,2]. Hydrogen embrittlement (HE) has become a field of interest for
many researchers in recent years [3-5]. It involves the entry of hydrogen
atoms into the crystalline microstructure of steels, accumulating in lo-
cations where the embrittlement reaction takes place [6]. The diffusion
and accumulation of hydrogen atoms in specific areas of the steel
microstructure, such as grain boundaries and other internal interfaces,
leads to a loss of mechanical properties, especially loss of ductility and
toughness, causing the steel to fail under lower loads than in hydrogen-
free environments [7,8].

The search for steel grades that efficiently resist hydrogen embrit-
tlement is therefore a necessity. It is known that hydrogen embrittle-
ment is produced when certain local hydrogen concentration and local
stress (mechanical, thermal or residual) are attained in a susceptible
microstructure. Under these conditions, critical combination of
hydrogen concentration and local tensile stress are necessary for
hydrogen embrittlement[6,9]. These determining factors for the initia-
tion and propagation of cracks are well understood. However, the
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mechanisms by which failure occurs is still a matter of debate [10,11].
Among the main mechanisms proposed, the most commonly accepted
are the following: hydrogen enhanced localized plasticity (HELP)
[12-14], hydrogen enhanced decohesion (HEDE) [15,16], hydrogen
adsorption induced by dislocation emission (AIDE) [17], and hydrogen-
enhanced strain-induced vacancies (HESIV) [18].

Martensitic and ferritic stainless steels are very susceptible to
hydrogen embrittlement. Many research works have evaluated HE in
these steels [19-21]. In contrast, austenitic stainless steels are very
resistant to HE, due in part to their very low hydrogen diffusion coef-
ficient [22,23]. Several works on hydrogen embrittlement in these steels
are also found in the literature [24-26]. The main drawbacks of
austenitic stainless steels are their low yield strength and high cost,
making them a poor choice for certain applications [27]. Duplex stain-
less steels (DSS), composed of roughly equal proportions of austenite
and ferrite, were designed to improve the corrosion resistance already
offered by austenitic steels and to provide products with higher strength,
although the long-term mechanical performance of these steels in
hydrogen rich environments is still not clear.

There are two types of tests to assess hydrogen embrittlement of
steels. The first are ex-situ tests where specimens are hydrogen pre-
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Table 1

Chemical composition of 2205 duplex stainless steel (% weight).
%C %Mn %Si %P %S %Cr %Ni
0.025 1.375 0.372 0.018 0.001 22.675 5.425
%Mo %N %Nb %V %Ti %Al %Cu
3.482 0.165 0.016 0.133 0.027 0.007 0.167
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Fig. 1. Schematic representation of the samples taken from the steel plate.
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charged either at high temperature and under pressure from hydrogen
gas, or electrochemically from an aqueous solution. The second type of
tests are in-situ hydrogen charging tests, where hydrogen charging oc-
curs during mechanical loading.

The reaction of duplex stainless steels (DSS) to hydrogen has also
been studied in recent years. Iacoviello et al. evaluated the mechanical
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Fig. 3. Smooth and notched tensile specimen geometries (dimensions in mm).
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Fig. 2. (a) Gaseous and electrochemical hydrogen pre-charging (b) configuration to perform in-situ hydrogen charging tests (modified from [20]).
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Fig. 4. 2205 optical micrographs, transversal sections of (a) longitudinal (L) tensile specimens (b) transversal (T) tensile specimens.
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Fig. 5. Simulated diffusion results: ratio of mid-thickness and center hydrogen
contents, Cc/Cs, versus time. 2205 steel sample with 1 mm thickness.
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Fig. 6. Hydrogen content versus electrochemically charging time (acid solution
under a current density of 0.50 mA/cm?).

Table 2
Hydrogen content after electrochemical charging under different conditions for
24 h (through-thickness samples).

Ambient Density current [mA/ Hydrogen content
em?] [ppm]
1 M H,S04 + 0.25 g/1 0.50 27.2
Asy03
3 % NaCl 1.00 14.9
0.10 6.8
0.02 1.14
Hydrogen gas (190 bar, - 1.14
40 °C)
800 — ==
700 | - .
\\
600 | L 4 |
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E \
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Fig. 7. Stress-strain curves corresponding to tensile tests performed on smooth
specimens using the acid electrolyte under different current densities.

damage caused by hydrogen in a 2101 DSS [28] They performed low-
strain-rate tensile tests after hydrogen pre-charging on different prod-
ucts submitted to different heat treatments. They found that 2101 DSS
was prone to hydrogen embrittlement, reaching embrittlement ratios
(related to elongation) of up to 80 % after specific heat treatments. Tao
et al. studied the behavior of 2205 DSS after pre-strain hardening (from
0 to 20 %) [29]. The steel was pre-strained and then electrochemically
hydrogen charged for 48 h prior to mechanical testing. In all cases, a loss
of ductility was observed when the specimens were tested after
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Tensile test results (smooth specimens). In-situ hydrogen charged tests using the acid electrolyte (oy is the yield strength, o, the ultimate tensile strength, e, the
elongation and RA, the reduction of area and HEI their corresponding embrittlement indices).

Current density (mA/  Displacement rate (mm/ Test time Specimen Gys 6u HEI,, e HEI, RA HEIRA(%)
cm?) min) (min) orientation (MPa) (MPa) (%) (%) (%) (%)
In air 0.40 29 Longitudinal 524 787 - 39.5 - 70.1 -
26 Transversal 533 797 - 33.1 - 56.5 -
Average 528 792 - 36.3 - 63.3 -
0.10 0.01 485 Longitudinal 442 689 12 20.8 47 16.9 76
485 Transversal 494 719 10 14.1 57 6.7 88
Average 468 704 11 17.5 52 11.8 82
0.50 0.01 470 Longitudinal 470 676 14 20.0 49 22.0 69
490 Transversal 490 721 10 16.7 50 4.2 93
Average 480 699 12 18.4 50 13.1 81
Table 4
Tensile properties and corresponding embrittlement indexes (HEI) obtained with the in-situ hydrogen charging tests in saline electrolyte (longitudinal orientation).
Current density (mA/i cmz) Displacement rate (mm/min) Test time (min) 6ys (MPa) 6, (MPa) HEI, (%) e (%) HEI, (%) RA (%) HEIR,4 (%)
In air 0.4 29 524 787 - 39.5 - 70.1 -
0.02 0.002 1135 484 736 7 39.4 0.3 58.1 17
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Fig. 8. a) Ductile failure (MVC) in a specimen tested in air, b) two regions with different operative failure micromechanisms (QC and MVC) in an specimen tested
using the acid electrolyte, c) austenite and ferrite details in the peripheral region (QC failure micromechanism) of image b), d) microcracks observed in the calibrated
length of the tensile specimen tested in acid electrolyte, e) failed section of specimen tested in saline electrolyte.

hydrogen pre-charging. According to the authors, the susceptibility to
HE of this particular steel is due to the high diffusivity of hydrogen
through the ferrite bands present in the microstructure of the steel as
well as to the high hydrogen solubility in the austenite bands, where the
critical hydrogen concentration that causes failure is reached very
quickly. Similar conclusions were drawn by Okayasu and Fujiwara from
their study, in which they compared an austenitic, a ferritic and a DSS
steel [30]. They demonstrated through an exhaustive microstructural
analysis using electron backscatter diffraction (EBSD) and scanning

transmission electron microscopy (STEM) that hydrogen embrittlement
damage in duplex steels occurs in the ferrite/austenite interface
boundaries, but hardly ever in the ferrite or austenite bands themselves.

Despite all the work done on DSS, there is still a need to study its
mechanical behavior in in-situ hydrogen charging tests: hydrogen enters
differently when mechanical loads are applied during hydrogen
charging, and surface plastic deformation also occurs. Ideally, in-situ
hydrogen charging tests should be performed in a gaseous environment
in order to simulate the service conditions of pressure vessels and pipes
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Tensile test parameters and embrittlement index (HEI) corresponding to in-situ hydrogen charging tests with acid electrolyte on notched specimens.

Current Density (mA/cmz) Displacement rate (mm/min) Test time [min] Specimen orientation oun (MPa) HEI;n (%) Embrittled depth (mm)
In air 0.400 7 Longitudinal 1370 - -
7 Transversal 1392 - -
Average 1381 - -
0.10 mA/cm? 0.010 207 Longitudinal 1214 11 0.43
250 Transversal 1142 18 0.49
Average 1178 15 0.46
0.002 702 Longitudinal 930 32 0.70
1247 Transversal 1084 22 0.53
Average 1007 27 0.62
0.50 mA/cm? 0.010 149 Longitudinal 1002 27 0.56
181 Transversal 959 31 0.69
Average 980 29 0.63
0.002 689 Longitudinal 872 36 0.82
and acetone to ensure better hydrogen ingress.
1400 Five through-thickness samples were also pre-charged in a gaseous
environment in a high pressure reactor, designed according to ASTM
1200 1 G146 [31]. According to the protocol, prior to hydrogen charging, an
oxygen-free environment is ensured by applying several purges with an
— 1000 1 inert gas. A reasonable hydrogen charging time of 24 h under 190 bar
S { and at 40 °C was set to simulate realistic operating conditions [32,33].
E 800 [/ —%-At air (L) . After charging, the reactor was de-pressurized, and the hydrogen pre-
) ~4-0.1 mA/cm? - 0.002 mm/min (L) charged specimens were introduced in liquid nitrogen at —196 °C to
4 600 — ~#-0.1 mA/em? - 0.01 mm/min (L) || limit hydrogen losses until hydrogen measurement [33].
g ~ ~®-0.1 mA/cm? - 0.002 mm/min (L) Another batch of through-thickness samples as well as the longitu-
v 400 ~ ot ~4-0.5 mAlcm? - 0.002 mm/min (L) | dinal samples were hydrogen pre-charged under electrochemical con-
A I ~X-Ataire (T) ) ditions using two different electrolytes to achieve different hydrogen
200 for ¢ “#-05 "'Alcmz -0.01 mm/min (T) || contents: an acid electrolyte based on a 1 M HySO, solution + 0.25 g/1 of
d ~"70.1 mA/em” - 0.01 mm/min (T) Asy03 and a 3 % NaCl saline solution. In addition, the applied current
: -®-0.1 mA/cm? - 0.002 mm/min (T) 23 . 5 ’ PP .
0 | | I : density was varied from 0.02 to 0.5 mA/cm~. After charging for periods
0 0.01 0.02 0.03 0.04 0.05 of time between 3 and 65 h, the hydrogen content was measured. At

Elongation [mm/mm)]

Fig. 9. Stress-strain curves of tensile test on notched specimens (acid
electrolyte).

under hydrogen pressure, but the equipment required to perform these
tests is costly and not always available. Electrochemical charging is a
simpler and more economical way to perform these tests.

The aim of this work is to study the mechanical behavior of 2205
duplex stainless steel in hydrogen environments using smooth and
notched tensile specimens. In order to study the influence of direction-
ality caused by the austenite and ferrite bands in the steel microstruc-
ture, specimens extracted in both longitudinal and transversal directions
were employed. In addition, tests were performed under in-situ
hydrogen charging using different electrolytes, current densities and
displacement rates.

2. Materials and methods
2.1. Steel

The material used in this study was 2205 duplex stainless steel
supplied by Acerinox. Its chemical composition is shown in Table 1. A
steel plate was hot-rolled, then annealed at 1080 °C, and finally water-
cooled to obtain a final thickness of 10 mm.

2.2. Hydrogen charging

Two types of hydrogen charging samples were used on samples of
25x5x1 mm. The shortest dimension was parallel to the plate thickness
direction for the through-thickness samples and parallel to the trans-
versal direction for the longitudinal samples (Fig. 1). Before the charging
process, the sample surfaces were polished and then washed with water

least two samples were analyzed for each condition. Fig. 2 a) shows
schemes representing both hydrogen pre-charging methods.

2.3. Hydrogen content and hydrogen diffusion simulation

Thermal Desorption Analysis (TDA) was used to measure the
hydrogen introduced in the hydrogenated samples. Hydrogen concen-
tration was measured by means of a LECO DH603 hydrogen analyzer,
able to measure hydrogen concentrations from 0.1 to 2500 ppm. In this
work the sample was kept in the analyzer at 1100 °C for 300 s.

The introduction of hydrogen in the samples was also simulated
through a simple unidirectional finite element analysis (FEA), imple-
mented in an Abaqus commercial code, applying Fick’s diffusion law,
described in Equation (1)[34].

J= —D,,VCy (€D)]

where Dgy, is the apparent hydrogen diffusion coefficient and Cy the
hydrogen concentration. Finite element hydrogen diffusion analysis was
performed on 25x5x1 mm plates using a hydrogen diffusion coefficient
of 7.5:10* m?%/s obtained by Iacoviello on similar steel [35]. A surface
hydrogen concentration, Cs, was selected, assuming there was no
hydrogen in the rest of the sample. The C¢/Cg ratio, between the amount
of hydrogen present at the center of the sample, Cc¢, and that present at
the surface, Cg, was calculated for different charging times. Saturation is
attained when C./C; is 1.

2.4. In-situ hydrogen charging tensile tests

In-situ hydrogen charging tensile tests were performed on both
smooth and notched specimens in an Instron 5582, with a 100kN load
cell.[36]. The geometries and dimensions of both types of specimens are
shown in Fig. 3. The circumferential notch had a depth of 2 mm with a
notch radius of 0.15 mm, giving rise to an elastic stress concentrator
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Fig. 10. Failed sections, a) specimen tested in air, b) tested under 0.10 mA/cm? and 0.010 mm/min (acid electrolyte), c) tested under 0.50 mA/cm? and 0.002 mm/
min (acid electrolyte), d) failure detail in the peripheral region (QC) of image c), e) tested in the saline electrolyte, f) detail of the peripheral embrittled region

observed in e).

Table 6
Notch tensile strength and embrittlement index (HEI) corresponding to in-situ
hydrogen charging tests in the saline electrolyte (longitudinal sample).

Current Displacement Test OuN HEIL,n Embrittled
Density rate (mm/min) time (MPa) (%) depth (mm)
(mA/cm?) (min)
At air 0.4 7 1370 - -
0.02 mA/ 0.002 1187 1251 9 0.1

cm?

factor of ky = 4.3 [34]. Tensile specimens were extracted with their
longitudinal axis parallel to both plate directions, transversal (T) and
longitudinal (L). Their surfaces were polished and then washed first with
water and then with acetone prior to starting the in-situ hydrogen
charging tensile test.

Specimens of both smooth and notched geometries were first tested

under laboratory conditions (in air) using a test displacement rate of
0.400 mm/min, according to the tensile test standard ISO 6892-1 [36].
For the in-situ hydrogen charging tensile tests, displacement rates be-
tween 0.002 and 0.010 mm/min were used to evaluate the influence of
this parameter on hydrogen embrittlement. Two different current den-
sities (0.50 and 0.10 mA/cm?) were also evaluated, as well as the two
electrolytes already mentioned (acid and saline). Fig. 2b) shows the
arrangement used to perform these tests.

Hydrogen embrittlement was quantified by means of the hydrogen
embrittlement index (HEI) given in Equation (2). The HEI varies from 0
% (no effect), to 100 % (maximum possible damage).

X — Xy

HEI%) = e 100 (2)

where X and Xy are the steel tensile property evaluated in the
absence of hydrogen and in the hydrogenated medium respectively. The
HEI of the smooth specimens was calculated using tensile strength (o),
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Fig. 11. a) Interlaminar cracks in the failed surface of a notched tensile test performed under 0.50 mA/cm? and 0.010 mm/min (acid electrolyte), b) detail of cracks.
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g. 12. Schematic hydrogen diffusion paths in transversal sections of (a) longitudinal (L) tensile specimens (b) transversal (T) tensile specimens.
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Fig. 13. Hydrogen embrittlement indexes corresponding to tensile tests carried
out with longitudinal and transversal specimens.

elongation (e), and reduction of area (RA). For the notched specimens
only notched tensile strength (o), defined as the maximum tensile load
divided by the initial cross-sectional area of the notch region (5 mm
diameter), was evaluated.

2.5. Microstructure and fracture surfaces

The microstructure of the steel was observed by optical microscopy
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Fig. 14. Hydrogen embrittlement indexes relative to strength of tests per-
formed with smooth and notched tensile specimens under different hydroge-
nated conditions.

with a Nikon Eclipse MA200, equipped with a software image analysis.
The fracture surfaces of all the tested specimens were observed using a
scanning electron microscope (SEM JEOL-JSM5600) under a voltage of
20 kV. The samples of the microstructural study were subjected to
conventional metallographic preparation (grinding and polishing) and
finally electrochemically etched using a reagent of 56 g KOH dissolved
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in 100 ml of water under a voltage of 2 V for 3 s.
3. Results

3.1. Microstructure of 2205 duplex stainless steel

Fig. 4 shows the 2205 duplex steel microstructure observed in
transversal sections of the longitudinal (L) and transversal (T) tensile
specimens. The two phases constitutive of the steel, austenite (lighter
phase) and ferrite (darker phase), are clearly differentiated. Volume
fractions of 54 % of ferrite and 46 % of austenite were determined by
manual point counting analysis. It is also worth noting that austenite and
ferrite are stacked in the thickness direction, producing a banded
microstructure. As hydrogen diffusion coefficient is orders of magnitude
higher in ferrite than in austenite [37], it should be expected that most
hydrogen will enter the steel through the ferrite bands.

3.2. Hydrogen saturation curves

Fig. 5 shows the diffusion curve obtained from the finite element
analysis. The ratio between hydrogen content at mid-thickness (C¢) and
in the sample surface (Cs) in 1 mm-thick samples of the 2205 steel
against charging time is shown. As can be seen, more than 80 days are
needed to attain homogeneous hydrogen distribution in these samples.
This curve does not depend on the hydrogen content present on the
sample surface, C;, which is in equilibrium with the hydrogenated
medium.

The evolution of hydrogen content with the exposure time measured
using both through-thickness and longitudinal samples electrochemi-
cally pre-charged in a 1 M H3SO4 + 0.25 g/1 of Asz03 solution under a
density current of 0.50 mA/cm? are presented in Fig. 6. Measured
hydrogen contents were always somewhat larger in the longitudinal
samples and, as seen in Fig. 4, the hydrogen charged samples were al-
ways very far from saturation.

Table 2 shows hydrogen contents measured after 24 h of the through-
thickness samples electrochemically charged under different conditions
of current density. Table 2 also includes the hydrogen concentration
measured when the same samples were charged in a pressure reactor at
190 bar of pure hydrogen at 40 °C for 24 h.

3.3. In-situ hydrogen charging tensile tests

3.3.1. Smooth tensile specimens

1 M HSO4 + 0.25 g/1 Asy03 electrolyte.

Results obtained from tests performed with smooth tensile specimens
(L and T) in-situ hydrogen charged using the acid electrolyte are shown
in Fig. 7. The tensile parameters obtained, the time spent on each kind of
test and the embrittlement indexes corresponding to the tensile strength,
elongation and the area reduction are also shown in Table 3. As can be
seen, regardless of other test conditions, the results obtained are inde-
pendent of the testing direction (longitudinal or transversal), so the
average of both values in each condition are also reported in Table 3.
Yield strength slightly decreases in these tests due to the entrance of
hydrogen, denoting the action of a HELP mechanism. Hydrogen atoms
enhanced local plasticity providing the start of dislocation movement
under lower applied stresses.

Embrittlement indexes related to tensile strength are relatively low,
just over 10 % (see also tensile curves presented in Fig. 7), but very high
embrittlement indexes related to elongation and reduction of area were
obtained, reaching values around 50 % and 80 % respectively. No sig-
nificant embrittlement difference was observed when the applied cur-
rent density was changed from 0.1 to 0.5 mA/cm?.

3 % NaCl electrolyte.

A current density of 0.02 mA/cm? was selected to provide a hydro-
genation medium similar to a hydrogen pressure of 190 bar at 40 °C (see
Table 2). A hydrogen content of 1.14 ppm was achieved in 24 h under
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both conditions. The results obtained in the tests with the smooth tensile
specimens are shown in Table 4.

The hydrogen embrittlement indexes in these tests were much lower
than those carried out with the acid electrolyte, with a small reduction of
yield stress and more significant ultimate tensile strength (7 %) and
reduction of area embrittlements (17 %).

3.3.1.1. Failure analysis. In order to identify the operative failure
micromechanisms, all the failed sections were observed under the
scanning electron microscope (SEM). The operative failure micro-
mechanism was fully ductile, characterized by microvoid coalescence
(MVQ), in all tests performed in air, Fig. 8 a). Nevertheless, in both in-
situ hydrogen charging tests, using the acid electrolyte and the saline
solution, two operative failure micromechanisms were always observed;
MVC in the center of the specimens, and a brittle failure in the peripheral
region, where hydrogen accumulates during the test (Fig. 8b). The
failure micromechanism operative in the peripheral brittle region cor-
responds to quasi-cleavage, QC, characterized by flat cleavage facets in
the ferrite and a rougher surface, denoting the existence of local plas-
ticity in the austenite [11,38,39] (Fig. 8c). In addition, small cracks were
found in the calibrated section of the tensile specimen (Fig. 8d), which
may be due to strong hydrogen accumulations in the specimen surface,
especially at the austenite-ferrite interfaces. On the other hand, the
brittle regions observed in tests with the saline electrolyte at a current
density of 0.02 mA/cm? were significantly smaller due to the lower
hydrogen activity of this medium (Table 2) and embrittlement suscep-
tibility (Fig. 8e).

3.3.2. Notched specimens

1 M HySO4 + 0.25 g/L Asy0s3 electrolyte.

The notch strengths and corresponding embrittlement factors ob-
tained in these tests are presented in Table 5. The embrittled depth
(depth of the brittle region) measured under the scanning electron mi-
croscope is also shown in Table 5. It corresponds to the maximum
hydrogen diffusion depth in the in-situ hydrogen charging test.

As with the smooth tensile specimens, similar results were obtained
in both longitudinal and transversal directions. The average values are
also given in Table 5. Hydrogen embrittlement indexes and embrittle-
ment depths increase as current density increases because of the higher
hydrogen activity provided by the electrolytic medium. In addition,
when the displacement rate decreases, there is a longer time for
hydrogen diffusion and accumulation, embrittlement indexes increase
and larger embrittled depth is observed. An average embrittlement
index of 36 % was obtained in the tests performed under the highest
current density (0.5 mA/cm?) and the lowest displacement rate (0.002
mm/min). Characteristic stress—strain curves obtained in these tests are
shown in Fig. 9. A significant decrease in total elongation when the
current density increases or the test rate decreases is also clear; the
reduction of area measured in all these specimens was near zero.

3 % NaCl electrolyte.

As in the case of the smooth tensile specimens, hydrogen embrittle-
ment of notched specimens tested in the saline electrolyte was quite low:
only 9 % under a low displacement rate of 0.002 mm/min. Nevertheless
low but visible embrittled depth was measured (0.1 mm).

3.3.2.1. Failure analysis. The failure micromechanism found in all tests
performed in air was fully ductile, MVC (Fig. 10a). In contrast, two
different failed regions were always present in tests performed under in-
situ hydrogen charging (Fig. 10 b), c), €)): a brittle peripheral region
where QC was the only operative micromechanism (Fig. 10 d), f)) and a
central ductile region characterized by microvoids coalescence, MVC.
The extension of both regions depends on the hydrogen activity of the
medium, that is the type of electrolyte and current density, as well as on
the applied displacement rate (see embrittlement depths in Tables 5 and
6).
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4. Discussion

It was confirmed that as reported in [37-39], hot rolled duplex 2205
stainless steels are susceptible to hydrogen embrittlement and that
microstructure plays an important role in HE. Hot rolled 2205 duplex
stainless steel is composed of austenite blocks (face centered cubic, FCC,
v phase) aligned in the thickness direction dispersed on a ferrite matrix
(body centered cubic, BCC, a phase), as shown in Fig. 3. According to
several studies, hydrogen diffusivity is 10*-10° times higher in ferrite
than in austenite, while hydrogen solubility is 2-3 orders of magnitude
higher in austenite [32,37,40]. In the microstructure of 2205 duplex
steel, most hydrogen enters and diffuses into the steel microstructure
through the ferrite bands and accumulates in the ferrite-austenite in-
terfaces. Wu et al. [41] have demonstrated using hydrogen micro-
printing (HMT) and also in-situ scanning Kelvin probe force microscopy
(SKPFM) techniques that austenite-ferrite interfaces are the main
hydrogen traps in duplex stainless steels and different authors [42,43]
have also shown that hydrogen cracks extended preferably through such
phase boundaries. This may explain the presence of inter-laminar
cracks, shown in Fig. 11.

Fig. 12 shows the diffusion of hydrogen in the 2205 duplex micro-
structure corresponding to the longitudinal (Fig. 11.a) and transversal
(Fig. 11.b) sections of tensile specimens. Most hydrogen diffuses through
the ferrite bands as austenite blocks are effective barriers to the move-
ment of hydrogen atoms. Thus, hydrogen has a similar effect on longi-
tudinal and transversal tensile specimens: only a more tortuous
hydrogen path and consequently a slower hydrogen diffusion would be
expected in the through-thickness steel direction. This also explains the
lower hydrogen contents measured in the T samples shown in Fig. 5. In
fact, the permeation experiments of Wu et al. [41] identified a signifi-
cantly lower diffusion coefficient in the thickness direction than in the
longitudinal direction in 2205 duplex stainless steel.

The hydrogen embrittlement similarity observed between longitu-
dinal and transversal tensile specimens is better seen in Fig. 13, where
embrittlement indexes obtained in tests performed with the acid elec-
trolyte on smooth and notched tensile specimens of both orientations are
plotted together. With the exception of the embrittlement indexes
referring to the reduction in area measured with smooth tensile speci-
mens, the results obtained in both orientations are similar. The effect of
specimen orientation on this particular hydrogen embrittlement index is
undoubtedly related to the oval failed section always observed in these
tests (see Fig. 8 b, ¢), in which the shortest axis of the ellipse corresponds
to the thickness of the plate.

Embrittlement indexes related to the strength obtained with smooth
and notched specimens are plotted together in Fig. 14. HEIs obtained
using notched specimens are always higher and this difference is
accentuated as the hydrogen activity of the hydrogenating medium
increases.

According to Oriani’s theory [44], hydrogen accumulates in the re-
gion of the specimen submitted to the highest hydrostatic stress, with
local hydrogen concentration in this region reaching larger values under
higher hydrostatic stresses. Hydrostatic stresses are always larger in the
notched tensile test specimens and, consequently, the largest hydrogen
accumulations and embrittlement are expected in these cases. Moreover,
in all the in-situ hydrogen charging tensile tests, hydrogen enters into the
specimens when its surface is been submitted to plastic deformation.
Then, hydrogen in equilibrium with the hydrogenating medium largely
increases due to this reason and local plastic deformation is much larger
in notched specimens due to the stress concentration.

5. Conclusions
The effect of hydrogen on 2205 duplex stainless steel using in-situ

hydrogen charging tensile tests is analyzed in this work. The main
conclusions are the following:

Theoretical and Applied Fracture Mechanics 124 (2023) 103794

e Embrittlement indexes in both smooth and notched tensile speci-
mens increase when hydrogen activity of the electrolytic medium
increases and when the displacement rate decreases.

e Yield stress and tensile strength suffer small decreases with the

entrance of hydrogen, however, properties related with ductility

such as elongation and reduction of area, were more affected.

Two differentiated failed regions were observed on the failed sur-

faces of the in-situ hydrogen charging samples, a peripheral region

characterized by a brittle quasi-cleavage micromechanism and a

central ductile zone, characterized by microvoid coalescence (MVC).

e The acid electrolyte caused higher embrittlement indexes, due to
higher hydrogen activity. However, using the saline electrolyte, a
more realistic hydrogenation condition similar to high pressure
hydrogen gas (190 bar) was achieved.

e The presence of a stress concentrator (notch) accentuates hydrogen
embrittlement, as hydrogen accumulates in the region of high
triaxiality present in front of the notch tip.

e Hydrogen enters quickly through the ferrite bands, as its hydrogen
diffusion coefficient is much higher than in austenite, and accumu-
lates in the ferrite-austenite interfaces, leading to interface cracking.
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